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[57] ABSTRACT 

The invention is a system of flow control devices which 
result in reduced skin friction on aerodynamic and hy- 
drodynamic surfaces. The devices cause a breakup of 
large-scale disturbances in the boundary layer of the 
flow field. Referring to FIGS. 1 and 2, the riblet device 
10 acts to reduce disturbances near the boundary layer 
wall by the use of longitudinal striations forming vee- 
shaped grooves. These grooves are dimensional on the 
order of the wall vortices and turbulent burst dimen- 
sions 31 depicted in FIG. 3. The large-eddy breakup 
device 41, depicted in FIGS. 4 and 5, is a small strip or 
airfoil which is suspended in the upper region of the 
boundary layer. Various physical mechanisms cause a 
disruption of the large-scale vortices. The combination 
of the devices of this invention result in a substantial 
reduction in skin friction drag. 

12 Claims, 11 Drawing Figures 
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COMBINED RIBLET AND LEBU DRAG 
REDUCTION SYSTEM 

ORIGIN OF THE INVENTION 5 

The invention descrihed herein was made by employ- 
ees of the United States Government and may be used 
by or for the Government for governmental purposes 
without the payment of any royalties thereon or there- 1Q 
for. 

TECHNICAL FIELD OF THE INVENTION 

The invention is related to aerodynamic flow tech- 
nology. 

BACKGROUND OF THE INVENTION 15 

This invention relates to turbulent boundary layer 
flow control devices and more particularly to micro- 
geometry changes, that is riblets or longitudinal surface 
striations, of the wall forming the inner region of the 20 
boundary layer and ribbon-like strips, that is large-eddy 
breakup devices or turbulence manipulators, near the 
outer edge of the boundary layer which decrease 
boundary layer turbulence and skin-friction drag. 

Various types of devices have been used for flow 25 
control over aerodynamic surfaces. These devices serve 
generally two purposes, either to generate separated 
flow, or to prevent separation. Boundary layer separa- 
tion may be prevented by generating vortices in the 
flow thereby energizing the boundary layer or by blow- 30 
ing or sucking on the boundary layer. 

Examples of the first type are spoilers and leading 
edge strips, such as installed on the Cessna T-37 aircraft 
and on the Lockheed T-33 aircraft. These devices affect 
the entire flow field creating macro effects around a 35 
section of the wing, usually near the root. These devices 
provide early stall warning and, in some cases, im- 
proved spin recovery characteristics. 

The function of the strip or spoiler device is to disrupt ^ 
either a laminar or turbulent flow sufficiently to cause 4 
separation of the flow from the surface. The resulting 
effect is that drag is greatly increased. This penalty is a 
side effect necessary to gain the aircraft stability or 
flight characteristic improvements. Devices of this type 45 
are unlike the present invention in that the alteration of 
the flow field is macro, affecting the entire region 
around the flow surface, while the present invention is 
micro in effect, creating changes only within the bound- 
ary layer. 50 

In addition, the strip and spoiler devices cause addi- 
tional turbulence and flow separation resulting in addi- 
tional drag. By contrast, the present invention reduces 
turbulence and reduces drag. 

A separation control device is the vortex generator, 55 
typically used to energize the boundary layer. By this 
method, high speed air is rolled into the stagnant re- 
gions of the boundary layer adding velocity to those 
regions so that flow separation is delayed. These de- 
vices are commonly found on the upper surface of 60 
wings just ahead of flaps or other controls where the 
large turning angles of the flow tend to cause separa- 
tion. 

The function of the vortex generator is to energize 
the boundary layer and thereby increase its resistance to 65 
separation. This increased resistance to separation re- 
sults in an increase in skin friction drag. The vortex 
generator has the opposite effect compared to the pres- 
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ent invention which reduces boundary layer turbulence 
and skin friction drag. 

Other means of boundary layer separation control are 
blowing and sucking on the boundary layer in regions 
susceptible to separation. These methods involve either 
blowing high energy air into the boundary layer, typi- 
cally blownflaps, such as used on the McDonnell Doug- 
las Phantom, or sucking off the low speed inner region 
of the boundary layer. Both of these methods result in 
higher speed fluid or higher energy levels in the bound- 
ary layer where separation would normally occur. The 
blowing method results in increased turbulence and 
additional skin friction drag. Blowing is similar in func- 
tion and result to the vortex generator. The suction 
method reduces turbulence levels but the suction drag 
increase causes a net drag increase. Unlike the present 
invention both the blowing and sucking methods are 
separation control methods, not skin friction reduction 
methods. 

Accordingly, it is an object of the present invention 
to provide a means of reducing turbulent boundary 
layer skin friction drag which will be independent of 
mechanical power sources and will provide a high de- 
gree of reliability. 

It is a further object of the present invention to pro- 
vide flow control within the boundary layer which will 
reduce turbulence. 

Another object of the invention is to control the large 
scale turbulent eddies in the turbulent boundary layer. 

Still another object of the present invention is to 
reduce aerodynamic noise created by boundary layer 
turbulence such that a saving in insulation weight can 
be achieved. 

Yet another object of the invention is to reduce pres- 
sure fluctuations on the surface thereby reducing fa- 
tigue and allowing lighter structures. 

A further object of the present invention is to control 
boundary layer flow by riblet geometry on the flow 
surface and by large-eddy breakup devices in the outer 
boundary layer. 

STATEMENT OF THE INVENTION 

These and other objects of the invention are achieved 
by modifications of the flow surface micro-geometry 
and by flow control of the outer boundary layer using 
ribbon-like airfoils immersed in the outer edge of the 
boundary layer. Fluid flow over any surface begins 
with a laminar flow region which transitions to turbu- 
lence flow as the length of the surface is increased. The 
region of turbulent flow results in greatly increased skin 
friction drag. This region is also characterized by pres- 
sure which result in additional noise and vibration. 

Experimental data indicate that the turbulent bound- 
ary layer consists of at least three disparate types and 
scales of motion. Large eddies with scales on the order 
of the boundary layer thickness exist in the outer region 
and comprise the vortical/non-vortical interface of the 
boundary layer with the inviscid freestream flow. Inter- 
mediate scales of motion (on the order of 150 wall units) 
appear throughout the layer and evidently allow for 
more efficient interchange between the small scale mo- 
tions, that is small longitudinal vortices, which domi- 
nate the inner wall region. 

Reduction of the skin friction in a turbulent boundary 
layer requires a modification in the outer large scale 
structure, the inner wall structure, or an interruption in 
the communication process between the inner and outer 
boundary layer structures. The present invention works 
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on all three by the following proposed mechanisms: (1) 
restriction of the vertical velocity components by the 
horizontal elements of the large-eddy breakup devices: 

(2) suppression of the large scales due to the unsteady 
circulation around the elements of the large-eddy 5 
breakup devices similar to the unwinding of the large- 
scale vortices: (3) transfer and redistribution of energy 
from the turbulence to the mean flow: (4) the wake of 
the large eddy breakup device shields the lower bound- 
ary layer from the large scale vorticity above it; and (5) 1° 
the inner wall region of the boundary layer is placed in 
a highly viscous region created by the transverse veloc- 
ity gradient over the riblet surface. 

In the preferred embodiment of the present invention, 
minimum drag configuration is set up on an aircraft to 15 
correspond to cruise flight conditions. Laminar flow 
regions around the aircraft nose, the forward positions 
of the wings, stabilizers, fins, engine cowlings, and re- 
main as conventional smooth surface. All other surfaces 
exposed to the airstream and having turbulent attached 2 
flows are covered with riblet material having longitudi- 
nal grooves aligned with the direction of air flow. Be- 
ginning downstream from the beginning of riblet mate- 
rial, at a point where the turbulent boundary layer ^ 
reaches a thickness of approximately 1.0 to 1.5 centime- 
ters, a large-eddy breakup device is suspended above 
and parallel to the surface. Thereafter, a large-eddy 
breakup device is placed in tandem every 100-120 
boundary layer thickness downstream. 30 

Air flow transversing the length of the aircraft, first 
experiences laminar flow, then transitions to turbulent 
flow upon reaching the riblet material, which aids in 
stabilizing oscillatory motion, and farther downstream 
is further stabilized by large-eddy breakup devices. 35 

BRIEF DESCRIPTION OF THE DRAWINGS 

A more complete appreciation of the present inven- 
tion and the many inherent advantages thereof will be 
readily apparent by reference to the following descrip- 40 
tions considered in connection with the accompanying 
drawings wherein: 

FIG. 1 is an oblique section of a wing depicting the 
laminar and turbulent regions on the upper surface and 
the location of riblet material according to the present 45 
invention; 

FIG. 2 is a front-end view of the riblet material detail- 
ing the shape and dimensions of the riblet material: 

FIG. 3 is a blow-up of an oblique view of the riblet 
devices illustrating the turbulence damping-mechanism: 50 

FIG. 4 is an oblique section of a wing depicting the 
placement of large-eddy breakup devices: 

FIG. 5 is a blow-up side view of the large-eddy 
breakup structure detailing the dimensions and height 
placement: 55 

FIG. 6 is a drawing of a photograph taken of bound- 
ary layer flow conditions without the use of the large- 
eddy breakup device: 

FIG. 7 is a drawing of a photograph taken of the 
boundary layer flow conditions with the large-eddy 60 
breakup device in place: 

FIG. 8 is a perspective view of the preferred embodi- 
ment of the present invention as applied to a transport 
aircraft: 

FIG. 9 embodiment of the present invention as ap- 65 
plied to a truck body: 

FIG. 10 is an embodiment of the present invention as 
applied to a boat hull: and 
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FIG. 11 depicts the present invention as installed in a 
pipe to reduce pumping losses. 

DETAILED DESCRIPTION OF THE 
INVENTION 

Referring now to the drawings wherein like elements 
are referred to by the same reference numeral through- 
out the several views and more particularly to FIG. 1, 
there is shown the embodiment of the riblet part of the 
skin-friction drag reduction system according to the 
present invention and generally designated by the refer- 
ence numeral 10. Riblet 10 in this embodiment is a sheet 
of vinyl tape extruded to form the grooved surface. The 
riblet sheet is installed over the part of aircraft wing 11 
where the boundary layer flow is turbulent as deter- 
mined by the cruise condition Reynolds number. The 
part of the wing surface 12 ahead of the riblet 10 is the 
region of laminar flow. 

Specific design parameters of riblet 10 are shown in 
FIG. 2. Riblet 10 as viewed from a frontal cross-section 
is formed by grooving the vinyl tape 21 so that a series 
of longitudinal grooves are formed having approxi- 
mately equal width and height dimensions. The actual 
size of the riblet dimensions over the useful range of 
Reynolds numbers lies between 0.1 and 0.5 millimeters. 

Referring now to FIG. 3, counter-rotating vortices 
31 are depicted flowing over wing surface 32 without 
the riblet device. The growth, oscillation, and breakup 
of these vortices are the main factors contributing to 
skin friction drag of the turbulent boundary layer. For 
comparison, counter-rotating vortices 33 are depicted 
flowing over the riblet surface 21 of the present inven- 
tion. A high viscous region 35 near the surface reduces 
turbulence levels and the associated skin friction. Riblet 
groove dimensions are sized on the order of these wall 
vortices. 

Further reduction of large-scale turbulence is ob- 
tained by the large-eddy breakup devices of the present 
invention. Referring to FIG. 4, these devices are small 
airfoils or flat ribbons 41 suspended parallel to and ex- 
tending spanwise across the flow surface 12. Large- 
eddy breakups devices 41 are repeated in tandem- 
mountings at intervals, designated by reference numeral 
42, of 100 to 120 boundary layer thickness downstream. 
Operation of the large-eddy breakup device 41 may be 
visualized by reference to FIG. 5. Large-eddy breakup 
device 41 is supported above and parallel to the flow 
surface 12 by support bracket 51 bonded to riblet sur- 
face 52. Support bracket 51 is 0.050 millimeters in thick- 
ness and extends outward from flow surface 12 to a 
distance equal to 50 to 80 percent of the boundary layer 
thickness. Representative actual values for the highest 
dimension lie in the range of 0.75 to 1,50 centimeters. 
The dimensions of the large-eddy breakup device, or 
ribbon-strip are approximately 0.035 millimeters in 
thickness, chordlength equal to the boundary layer 
thickness, and span extending in segments across the 
flow field. Flow line 53 depicts the onset of turbulent 
flow and the development of large-scale vertical veloc- 
ity components 54 comprising the large unsteady eddies 
within the boundary in the absence of the present inven- 
tion. Flow line 54 depicts the effects of the present 
invention on the large-scale eddies. The large scale 
effect of the device 41 sets up an opposing circulation 55 
which tends to unwind the large scale eddies within the 
boundary layer. The device 41 also presents a physical 
restriction to vertical components in the large-scale 
eddies, depicted by the deflection of the flow line at 
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point 56. Further prevention of large scale eddies is 
achieved by the device wake 57 which creates “hair- 
pin” vortices which cut through the large scale struc- 
tures. The operation of the present invention can either 
prevent the formation of large scale eddies or eliminate 5 
already formed eddies. 

The viscous shearing forces of the boundary layer are 
created primarily by large scale boundary layer disturb- 
ances. The viscous forces constitute a major portion of 
the drag experienced by an aircraft in subsonic flight. .A 10 
ten percent reduction in these forces translates into a 
$350 million/year fuel savings for the U.S. airline fleet. 
Referring to FIG. 6 , the overall embodiment of the 
present invention to achieve these savings is shown. 
The riblet regions 61 are depicted by the longitudinal 15 
shaded areas and the large-eddy breakup device place- 
ments, by the spanwise dashes 62. All surfaces on the 
aircraft where turbulent flow exists are modified ac- 
cording to the present invention. 2Q 

Although the specific embodiments of the invention L 
have been described herein, they are considered exem- 
plary of the novel features thereof and not exhaustive. 
There are obviously many variations and applications of 
the present invention that will be readily apparent to 25 
those skilled in the art in light of the above teachings 
without departing from the spirit and scope of the ap- 
pended claims. The present invention is specifically 
applicable to any turbulent flow condition where there 
is interaction with a physical surface, including ground 30 
vehicle surfaces as shown in FIG. 9, pipe flow as shown 
in FIG. 10, and marine applications as shown in FIG. 

11. It is therefore understood that the invention may be 
practiced otherwise than specifically described. 

What is claimed as new and desired to be secured by 35 
Letters Patent of the United States is: 

1. A combination of devices to reduce skin friction 
drag by controlling the flow characteristics of a turbu- 
lent boundary layer, such that both vertical and hori- 
zontal oscillations in the flow are damped, resulting in a 40 
substantial reduction in aerodynamic noise and retarded 
pressure fluctuations that lead to flutter modes, com- 
prising: 

a flow surface with an attached turbulent boundary 
layer; 45 

riblet means on said flow surface; 


6 

large-eddy break-up means suspended above, parallel 
to, and spanwise across the flow surface within the 
outer edge of the boundary layer and; 

means for suspending said large-eddy break-up means 
within the outer edge of the boundary layer. 

2. A combination of devices to reduce skin friction 
drag as in claim 1 wherein the riblet means consists of 
micro-geometry longitudinal grooving of the flow sur- 
face having groove depth and spacing dimensions on 
the order of the wall vortices dimensions. 

3. A combination of devices to reduce skin frictior 
drag as in claim 1 wherein the large-eddy break-up 
device is a ribbon strip having a chord length approxi- 
mately equal to the boundary layer thickness and ex- 
tending spanwise across and parallel to the surface. 

4. A combination of devices to reduce skin friction 
drag as in claim 1 wherein the large-eddy breakup de- 
vices are flat strips with a chord length between 75 and 
150 percent of the boundary layer thickness and sus- 
pended between 50 and 80 percent of boundary layer 
thickness above and parallel to the flow surface. 

5. A combination of devices to reduce skin friction 
drag as in claim 1 wherein the flow surface is an aerody- 
namic wing. • 

6 . A combination of devices to reduce skin friction 
drag as in claim 1 wherein the flow surface is an aerody- 
namic stabilizer. 

7. A combination of devices to reduce skin friction 
drag as in claim 1 wherein the flow surface is an aerody- 
namic fin. 

8 . A combination of devices to reduce skin friction 
drag as in claim 1 wherein the flow surface is a boat 
hull. 

9. A combination of devices to reduce skin friction 
drag as in claim 1 wherein the flow surface is a subma- 
rine hull. 

10. A combination of devices to reduce skin friction 
drag as in claim 1 wherein the flow surface is an aircraft 
fuselage. 

11. A combination of devices to reduce skin friction 
drag as in claim 1 wherein the flow surface is the body 
of a ground transportation vehicle. 

12. A combination of devices to reduce skin friction 
drag as in claim 1 wherein the flow surface is the inter- 
nal surface of a fluid flow duct. 
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